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SUMMARY 
In the Homogeneous Reactor Tes t (HRT) at Oak Ridge National 
Labora tory (ORNL), the r eac to r core ves se l is constructed of Zircaloy 
- 2 . This m a t e r i a l is subject to cor ros ion by the core fluid during r e -
ac tor operat ion. P rev ious exper imenta l studies indicate the cor ros ion 
r a t e i s doubled for every 25 °C inc rease in t e m p e r a t u r e . Consequently, 
the t empera tu re of the core wall is impor tant . Also , to prolong the 
life of the core v e s s e l , cooling of the wall is considered feas ib le . Since 
no exper imenta l data were avai lable , the purpose of this investigation 
was to determine the core wall t empera tu re as a function of the heat 
t ransfer r a t e at the outer wall by analytical methods . 
The work repor ted he r e was not intended to be a complete ana -
lytical solution to the p rob lem. Ins tead, the study was performed to 
obtain values which would be representa t ive of those in the actual c a se . 
The method of at tack was to initially define a simple model of the a c -
tual sys tem so that previous re la ted analytical solutions could be u t i -
l ized . Simplifying assumptions were made to idealize the sys tem. 
Approximate analytical express ions were derived which permi t ted 
calculation of the des i red r e s u l t s . 
The flow regime in the reac tor core was determined to be turbu-
lent. The model of the sys tem was a s e r i e s of short p ipes . An analy-
sis on the bas i s of forced convection heat t ransfer in turbulent flow 
revealed that free convection effects could not be considered negligible. 
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For the same model of the sys tem, results were obtained for combined 
free and forced convection heat transfer. The analysis in this case 
was based on laminar flow. A comparison of the results of the two 
cases was made for high heat transfer rates . When the heat transfer 
rate i s high, free convection effects in the system become negligible. 
The comparison showed the results to be in close agreement and it was 
concluded that the analysis on the basis of laminar flow yielded reason-
able results . The results were presented in graphical form. 
The results obtained in this study are only applicable in the upper 
hemisphere of the core. Under present design conditions, thef results 
indicate that wall temperature l e s s than 15°C above the mean core 
fluid temperature will prevail. Also , reduction of the wall tempera-
V* 
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ture was found possible provided highf, but not unreasonableK rates of 
heat transfer can be obtained by modification of design. For example, 
at the equator of the core , the inside wall temperature can be reduced 
approximately 25°C below the mean fluid temperature for a heat trans-
fer rate of 15,000 BTU/HR-FT 2 at the outside wall. 
In the lower hemisphere of the core , a possibility of hot spots on 
the wall was noted, A recommendation was given that this problem be 
investigated experimentally. The assumption of the Prandtl modulus 
equal to one was also recommended for particular cases involving heat 
transfer investigations of aqueous homogeneous reactors . The sugges-
tion of a method for reducing experimental difficulties associated with 
heat generating fluids was given. No experimental data were available 
to confirm the results presented in this report. Therefore, it was ad-




Statement of the problem. - -The core ves se l of the Homogeneous R e a c -
tor Tes t (HRT) at Oak Ridge National Labora tory is constructed of 
Zircaloy -2 and is subject to cor ros ion by the core fluid. The ra te of 
cor ros ion is approximately doubled for every 25 °C inc rease in t e m -
pera tu re (1) within the range of the r eac to r operat ion. Consequently, 
the t empera tu re distr ibution as a function of position on the core ves se l 
wall is impor tant . In an at tempt to lower the core wall t empera tu re 
V' 
and thus prolong the life of the r e a c t o r , it is feasible thatvmodifi cations 
in design be made . On. this b a s i s , the heat t ransfer ra te n e c e s s a r y to 
maintain wall t empera tu re s within p resc r ibed l imi ts becomes d e s i r a -
b le . 
Object. - - T h e purpose of this study is to examine the mechan i sms of 
fluid flow and heat t ransfe r in the reac tor core v e s s e l , especial ly in 
the vicinity of the vesse l wall . The des i red resu l t is to es tabl ish the 
magnitude of the heat t ransfer ra te at the core wall as a function of 
t empera ture of the wall . 
Scope. - -The work repor ted here is not intended to be a complete solu<-
tion of the problem. Ins tead, a study of available information re la ted 
Numbers in parenthes is refer to re ferences l is ted in the bib 
l ipgraphy. 
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to the problem is to be presented which will enable numerical results 
to be obtained. The actual physical system will be idealized to a simple 
model , which will permit previous analytical solutions to be used to 
make computations. Final ly , with all simplifying assumptions clearly 
stated* the results of the computations will be presented. The results 
presented should be indicative of actual values that will be obtained in 
the reactor test . 
CHAPTER II 
SURVEY OF RELATED INVESTIGATIONS 
Fluid flow within a spher ica l container , - -The velocity and t empera tu re 
distr ibut ions in a spher ica l vesse l containing a fluid with uniform vol-
ume heat sources have been examined analytically by F a x (2). In this 
work , the case of potential flow was cons idered . F r i c t iona l effects and 
diffusion of heat were neglected. No di rec t application to the problem 
in the HRT was found for the resu l t s of the repor ted work. 
Boar t s and Peeb les (3) performed a combined analyt ical and ex-
per imenta l study on liquid flow in a spher ica l sys tem. The problem 
considered a liquid enter ing a spher ical container at the equator and 
leaving at both the north and south poles of the ve s se l . Again, the r e -
sults were not found to be applicable to the p resen t p rob lem. 
Hydrodynamic tes t s of l imited extent have been ca r r i ed out by 
Harley (4) on a full scale mock-up of the r eac to r co re . Water at a p -
proximately room conditions was circulated through a tes t loop con-
taining the ves se l . The design flow ra te was maintained during the tes t 
and the fluid was found to sweep the ent i re vesse l with no observable 
stagnant reg ions . Velocity data by the sal t -solut ion method were ob-
tained and observations of the flow pat tern were made by injection of a 
dye in the flow s t r e a m . Since the t es t s were made at p r e s s u r e s and 
t empera tu re s below those for operating conditions and with no heat 
generation in the fluid, the resul ts a re not s t r ic t ly applicable to this 
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study. However , these t e s t s do provide valuable information concern-
ing the flow reg ime to be expected in the core of the r eac to r during 
operat ion. 
Reactor core t e m p e r a t u r e s . - -An investigation of the t empera tu re d i s -
tr ibution in the homogeneous reac to r core wall has been c a r r i e d out by 
Haubenreich (5). The problem was simplified by using a flat plate 
model of the sys tem. The heat generat ion ra te in the wall was d e t e r -
mined and free convection equations for ve r t i ca l and hor izontal plates 
were employed for calcula t ions . With these r e s u l t s , he was able to 
predict the t empera tu re distr ibution in the wall for th ree posit ions on 
the core ves se l . Heat generat ion in the core fluid was not considered. 
Also , t empera tu re s at the inside core wall were not examined for v a r i -
able heat t ransfer r a t e s at the outside surface of the v e s s e l . 
Heat t ransfe r in ducts with heat generation in the f luids. - -Poppendiek 
and P a l m e r (6, 7, 8) have investigated forced convection heat t ransfer 
with uniform heat sources in the f luids. An analytical study of com-
bined free and forced convection heat t ransfe r in laminar flow has been 
completed by Hallman (9). The r e su l t s of these investigations were 
extensively employed in the presen t study and will be discussed in de -
tai l in a subsequent chapter of this r epo r t . 
Hamilton and co-workers (10, 11) have examined the case of free 
convection heat t ransfer with volume heat sou rces . These works in -
clude both theoret ical and experimental studies and the resu l t s should 
be applicable to the problem in the HRT. Ostrach (12) performed an 
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analytical examination of l aminar free convection heat t r ans fe r with 
and without heat sources in channels of constant wall t e m p e r a t u r e . 
Also repor ted by Ostrach (13) was the investigation of combined free 
and forced convection heat t ransfer in l aminar flow with and without 
heat sources in channels with l inear ly varying wall t e m p e r a t u r e s . The 
resu l t s of these works a r e of considerable in t e re s t in the p re sen t p rob -
lem* but due to the l imited scope of this study, application of the r e -
sul ts was not poss ib le . 
Several other investigations that would be of in t e re s t in a more 




Descr ipt ion. - - T h e reac to r i s designated as an aqueous homogeneous 
r e a c t o r . Uranyl-sulfate is dissolved in heavy water to give a homoge-
neous combination of a heat source and mode ra to r . In the r eac to r core 
sect ion, the core containing the uranyl-sulfa te solution is blanketed by 
a heavy water region which ac ts as a ref lector , The fuel solution en-
t e r s at the bottom of the core v e s s e l , flows through two diffuser s e c -
tions and the main spher ica l shaped section and leaves at the top of the 
container . Details of the r eac to r a re reported : by Kasten (14) and an 
i l lus t ra t ion of the core vesse l is given in F igure 1. Pe r t inen t design 
data for the reac tor a re given in the appendix. 
Fluid mechan ics . - - T h e fuel solution of the homogeneous r eac to r may 
be considered as an incompress ib le fluid. The motion of the fluid in 
the reac tor core is th ree-d imens iona l . The solution of mathemat ica l 
express ions describing the motion of the fluid has not been accomplished 
and will not be at tempted in this study. Consequently, analytical de -
script ions of the p r e s s u r e and velocity distr ibution in the par t icu la r 
case of the HRT core vesse l a re not avai lable . 
Exper imenta l information on the fluid velocity in the core is not-
ably lacking. The only data available a re f rom reference (4) and the 
t es t s f rom which the data were obtained were made at room condit ions. 
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However , adequate information is available to es tabl ish the flow reg ime 
that will occur in the core during r eac to r operat ion. 
The flow regime is general ly determined by calculating the Reyn-
olds modulus for the sys t em and comparing it with a c r i t i ca l value 
establ ished by previoiis exper iments involving the type of sys tem under 
considerat ion. If the Reynolds modulus for the sys tem is l e s s than the 
c r i t ica l va lue , usually taken as 2100 for c i r cu la r p ipe s , l aminar flow 
is p resumed to occur . F o r values exceeding the c r i t i ca l va lue , turbu-
lent flow is a s sumed . Trans i t ion flow is believed to occur at values 
near the c r i t i ca l Reynolds modulus„ This regime of flow is not well 
defined and depends on severa l fac tors within a pa r t i cu la r flow system* 
such as init ial d i s tu rbance , entry length of the flow duct and surface 
roughness of the duct. 
The HRT core vesse l is not a conventional flow duct and hence no 
cr i t ica l Reynolds modulus has been de termined. The c ros s - sec t iona l 
a r e a of flow is always c i rcu la r so some s imi lar i ty to a pipe sys tem 
ex i s t s . When a Reynolds modulus is calculated for the r eac to r core on 
the a r b i t r a r y bas i s of using the flow c ros s - sec t iona l d iameter as the 
significant length p a r a m e t e r , a compar ison may be made with a con-* 
ventional pipe sys tem. Calculations for the r eac to r core at operating 
conditions revea l that the c r i t ica l Reynolds modulus is exceeded for all 
sections of the ves se l . This indicates turbulent flow will probably oc -
c u r , although other factors need to be considered. 
The entry length for the flow sys tem in the reac to r cannot be 
c lear ly defined. However, a comparison of the sys tem with a pipe 
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suggests that an adequate ent rance section for fully developed flow is 
not avai lable . N e v e r t h e l e s s , the diffuser s c r eens and diverging s e c -
tion of the lower pa r t of the core act as turbulence p r o m o t e r s . These 
fac tors and the Reynolds modulus, a r e sufficient evidence to predic t that 
the flow reg ime in the reac to r core during operat ion will be fully t u r -
bulent. 
Exper imenta l r e su l t s tend to substantiate the predict ion of fully 
turbulent flow in the c o r e . The t e s t s repor ted in re ference (4) indicate 
that turbulence was presen t to some extent even at room condit ions. 
The Reynolds modulus at operating conditions is approximately five 
t imes that at r o o m conditions on the bas i s that the kinematic viscosi ty 
of the core fluid dec rea se s by a factor of five f rom ambient conditions 
to operating conditions while other p a r a m e t e r s r emain constant . This 
inc rease in the Reynolds modulus , plus other fac tors associa ted with 
heat sources in the core fluid, will promote turbulence to an extent b e -
yond that observed in t e s t s , The conclusion is that fully turbulent 
fluid motion will prevai l in the reac to r core during normal operat ion. 
Heat t ransfer ( internal) . - -Seve ra l fac tors must be taken into account 
in a descript ion of the mechanism of heat t ransfer in the homogeneous 
r eac to r . F o r ins tance , the ra te of heat generation in the core fluid as 
well as the spatial distribution of the heat sources is of impor tance . 
Since the fluid is pumped through the c o r e , there will be forced convec-
tion heat t r ans fe r . A l so , due to heat sources in the fluid and core 
wal l , density variat ions will occur and free convection effects need to 
be considered. All of the above fac tors a r e in te r re la ted to the 
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t empera tu re distr ibution in the co re . The following is an at tempt to 
p resen t a qualitative discuss ion of the fac tors re la t ing to heat t ransfe r 
in the core of the r e a c t o r . 
The heat generat ion ra te i s known to be a maximum at the center 
of the core and to dec rease in the rad ia l direct ion to about sixty-five 
per cent of the maximum at the core wall (15). The heat generat ion 
ra te in the core wall is available f rom reference (5). F r o m this infor-
mation there is a possibi l i ty of th ree forms of the velocity and t e m p e r a -
ture dis tr ibut ion. F i r s t , if heat is removed at the outside wall of the 
core at the same ra te it is generated in the wal l , then the sys tem may 
be considered to have an adiabatic wall with r e spec t to the fluid in the 
co re . Provided the ra te of heat t r ans fe r r ed out of the wall (to the r e -
flector fluid or coolant) exceeds the ra te of heat generat ion in the wal l , 
the fluid in the core may be assumed to have a cooled wall . F o r the 
case of no heat t ransfe r at the outer wal l , the heat generated in the 
wall will be t r ans fe r r ed to the core fluid under steady state conditions 
and this p resen t s a heated wall with respec t to the core fluid. F igu re 2 
shows qualitatively the shape of the velocity and t empera tu re profiles 
for the th ree cases just mentioned. 
Due to the large dimensions of the core v e s s e l , the effects of 
heat t ransfer at the wall will probably be appreciable only in the region 
of fluid near the vesse l wall . In the case where heat is added to the 
fluid through the vesse l wal l , there will be a large t empera ture drop 
f rom the wall to the bulk of the fluid. The major portion of this t e m -
pe ra tu re difference will occur in the fluid very near the wall. The 
t empera tu re near the wall will be higher than the mean t empera tu re of 
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the fluid so that the viscosi ty of the wall fluid will be reduced. F r e e 
convection effects will then cause an inc rease in velocity near the wall 
with the consequence that high coefficients of heat t r ans fe r may be ex-
pected. The same will be t rue for the adiabatic wall case except to a 
l e s s e r extent. 
The case, of wall cooling will r e su l t in an inc rease in the viscosi ty 
of the fluid near the wall . The re fo re , the inc reased frict ional forces 
in the fluid will reduce the velocity of the fluid in the vicinity of the 
wal l . F r e e convection effects may be considered negligible in this c a s e / 
The low velocity region of fluid will have l ess of the heat generated 
within the fluid convected away f rom the wall . In steady s t a te , a high 
ra te of heat t r ans fe r will be required to maintain the wall at a t e m p e r a -
ture below the bulk fluid t e m p e r a t u r e . High heat t r ans fe r r a t e s for 
wall cooling may be difficult to attain since the heat t r ans fe r coefficient 
in this case is not expected to be very l a r g e . 
The preceding discuss ion will not apply to the entrance section of 
the core where the diffuser sc reens a r e located. Also , in the d iverg-
ing section direct ly above the s c r e e n s , conditions will not be the same 
as for the cases discussed above. In the flow tes t s repor ted by Har ley 
(4) separat ion of the flow at the wall was observed to occur in the lower 
hemisphere of the c o r e . At the point of separat ion there is a tendency 
for stagnation which will resu l t in a high t empera tu re region. Whether 
or not this will have a significant effect on the wall t empera tu re has 
not been determined. The possibil i ty of t rans ient hot spots at the core 
wall should be noted, however , since an equil ibrium tempera tu re s t r u c -
ture in this sector of the core is questionable. 
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High hea t t r ans fe r coefficients could preva i l in the lower pa r t of 
the core on the bas i s that it ac t s as a t h e r m a l entrance region. No 
predict ion can be made since information on t h e r m a l ent rance regions 
involving heat generat ing fluids could not be found. -An analys is of 
this problem is beyond the scope of this work. 
Heat t ransfe r (external) . - - T h e homogeneous r eac to r i s designed to 
t ransfe r the heat generated in the core to a secondary fluid at a loca-
tion removed f rom the core region. N e v e r t h e l e s s , some heat t ransfe r 
f rom the core fluid through the wall to the ref lector fluid will occur * 
provided a negative t empera tu re gradient through the wall ex i s t s . Due 
to the l a rge volume-and low flow ra te of the ref lector fluid, the mode 
of heat t ransfe r will be predominantly free convection. The design 
t empera tu re of the ref lector fluid is only slightly lower than the mean 
t empera tu re of the core fluid (14). Therefore low heat t ransfe r c o -




P r e l i m i n a r y cons idera t ions . - -The at tempt to obtain a solution of the 
problem involved many simplifying assumpt ions . The assumpt ions 
made in the approach to the problem were based on both the physical 
sys t em and on the conditions required for application of previous 
solutions of re la ted invest igat ions . Justification is not sat isfactory in 
all c a s e s . However , in view of the complexity of the overal l p rob lem 
and the lack of exper imenta l data , simplifications could not be avoided. 
P rand t l modulus of the homogeneous reac to r fuel solution. - -The 
Prand t l modulus is a group of var iab les that a r e always important in 
both free and forced convection heat t r ans fe r . It may be expressed as 
JU c 
P r = C—2- (!) 
where P r = Prand t l modulus 
f ~ v iscos i ty 
c = specific heat at constant p r e s s u r e 
P 
k = the rma l conductivity 
The fuel solution for the homogeneous reac to r is a ten g r a m per k i lo-
g r a m solution of uranyl-sulfate in heavy water . F o r the approximate 
operating conditions of the reac tor of 2000 PSIA and 5 36 ° F , the p roper ty 
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values of the fuel solution a r e available f rom reference (14). Substi tu-
tion of the appropr ia te values into Equation (1) yields the resu l t of 
P r =• 0.92. On this b a s i s , the assumption is made that the P rand t l 
modulus equals one. 
It is worthy of note that the assumption of a P rand t l modulus equal 
to one is probably justifiable for most fuel solutions for aqueous homo-
geneous r e a c t o r s . P rope r ty values for fuel solutions a r e not known 
within the ent i re range of possible r eac to r operat ion. However , f rom 
the data available for the HRT, it i s suspected that the P rand t l modulus 
of homogeneous reac to r fuel solutions does not vary significantly f rom 
that of light water at the same conditions. 
Values of the P rand t l modulus of light water in the range of p o s s i -
ble reac tor operation a r e available f rom reference (16). The values 
a r e plotted in F igure 3 for the cases of saturated liquid and of liquid 
water under a p r e s s u r e 6000 PSIA. Values for in termedia te p r e s s u r e s 
lie between the two curves shown in the f igure . The range of t e m p e r a -
ture is f rom 300°F to 600°F. Also indicated in F igure 3 is the Prandt l 
modulus for the HRT fuel solution. The figure shows that wa te r , under 
the conditions considered, has a Prandt l modulus of approximately one. 
Therefore , in cases where the Prand t l modulus of the fuel solution is 
not known, the assumption of Prandt l modulus of unity appears to be a 
good approximation, provided the HRT fuel solution is a typical exam-
ple. 
Simplified model of the sys tem. - -The initial approach to the problem 
was to define a simple model of the actual sys tem. Examination of the 
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physical sys tem revealed that two reasonable models of the sys t em, 
the pipe model and the flat plate model * could have been defined* The 
pipe model appeared applicable since the c r o s s - s e c t i o n a l a r e a is'al** 
ways c i rcu la r in the direct ion of net flow. The radius of curvature of 
the core v e s s e l is l a rge in compar ison with ordinary pipes * so the core 
wall could be considered a flat p la te . When available analyt ical solu-
t ions involving the two models were taken into account in the choice of 
the model , the pipe sys tem seemed the bes t select ion. 
The pipe model of the homogeneous reac to r core i s defined by 
considerat ion of one-dimensional flow through a very shor t horizontal 
section of the core ve s se l . In this section the fluid motion and the 
mode of heat t ransfer a re assumed to be the same as for a c i rcu la r 
pipe of the same diameter with s imi lar boundary condit ions. At the 
ex t reme sections in the upper and lower hemisphere of the c o r e , one-
dimensional flow cannot reasonably be a s sumed . Consequently, the 
model of the sys tem is only defined for a cer ta in portion of the c o r e . 
The region for which the model i s defined is a rb i t r a r i l y selected as 
extending f rom the equator of the core to the sections where the c r o s s -
sectional radius i s one foot. 
F o r c e d convection heat t r ans fe r . - -The case of forced convection hea t 
t ransfer in turbulent flow in pipes with volume heat sources in the fluid 
has been thoroughly analyzed by Poppendiek and P a l m e r (6). In order 
that their resul t s may be applied to the p resen t p rob lem, the postulates 
made to idealize the sys tem for analysis must a lso be applied to the 
model of the present sys tem. The postulates a re 
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(a) Thermal and hydrodynamic pa t te rns have been establ ished 
(b) Uniform volume heat sources exist within the fluid 
(c) Phys ica l p roper t i e s a r e not functions of t empera tu re 
(d) Heat is t r ans fe r r ed uniformly to or f rom the fluid at the 
pipe wall 
(e) The general ized turbulent velocity profile defines the hydro 
dynamic, s t ruc ture 
(f) There exis ts an analogy between heat and momentum t r a n s -
fe r . 
F o r turbulent fluid motion, the differential equation relat ing the 
var iables of the idealized sys tem is 
2 
q 
u p V - * £ | > * < >•§]•;? (2) 
P 
where u = local velocity in flow direction 
u = mean velocity in flow direction 
m 
r = inside radius of pipe 
qiu - volume heat source in core fluid 
q" = heat t ransfer ra te per unit a rea at inside wall 
surface 
/ = fluid density 
c = specific heat at constant p r e s s u r e 
P 
r = radial distance from centerl ine of pipe 
0£ = thermal diffusivity 
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£ = eddy di f fus iv i ty 
t = l o c a l t e m p e r a t u r e a t r a d i u s r 
E q u a t i o n 2 m a y be s e p a r a t e d in to two s i m p l e r e q u a t i o n s , s o l u t i o n s of 
which can be s u p e r p o s e d to y i e ld the so lu t ion of t he o r i g i n a l e q u a t i o n . 
T h e s e e q u a t i o n s a r e 
u i II 
u m P 
d 












oi p r d r 
{o(+6 ) r dt 
d r (4) 
E q u a t i o n 3 d e s c r i b e s a s y s t e m with u n i f o r m v o l u m e h e a t s o u r c e s but no 
wa l l h e a t f lux . The s y s t e m d e s c r i b e d by E q u a t i o n 4 h a s u n i f o r m wa l l 
h e a t f lux with no h e a t s o u r c e s in the f lu id . The so lu t ion of E q u a t i o n 3 
i s due to P o p p e n d i e k and P a l m e r (6) . M a r t i n e l l i (17) i s r e s p o n s i b l e 
for the so lu t ion of E q u a t i o n 4 . 
A p p r o x i m a t i o n of the r e s u l t s of the so lu t i ons of t h e s e e q u a t i o n s 
m a y be m a d e on the b a s i s of P r a n d t l m o d u l u s equa l to o n e . The r e -
s u l t s of the so lu t ion of E q u a t i o n s 3 and 4 for the m i x e d m e a n fluid t e m -
p e r a t u r e m i n u s the i n s ide wa l l t e m p e r a t u r e a r e p r e s e n t e d in g r a p h i c a l 
f o r m in r e f e r e n c e s (6) and (17) . The c u r v e s on t h e s e g r a p h s for a 
P r a n d t l modu lus of one a r e a p p r o x i m a t e l y r e p r e s e n t e d by the e q u a t i o n s 
, n i 
(t - t ) x m o = -60 R e 
- 1 . 1 3 






u * ^ LK q o r o - 0 . 7 5 5 
(t - t ) = 60 -T—- R e 
m ° N O V H S K 
P r = 1 (6) 
where t = m i x e d m e a n f luid t e m p e r a t u r e 
m 
t = i n s ide wa l l t e m p e r a t u r e 
k = t h e r m a l conduc t iv i t y of the f luid 
Re = R e y n o l d s m o d u l u s 
VHS = r e f e r s to v o l u m e h e a t s o u r c e s in the fluid 
/ • 
NO VHS = r e f e r s to no v o l u m e h e a t s o u r c e s in the 
f luid . 
E q u a t i o n 5 r e p r e s e n t s an a p p r o x i m a t i o n of the r e s u l t s of the so lu t ion of 
Equation 3 and E q u a t i o n 6 i s an a p p r o x i m a t i o n of the r e s u l t s of the solu« 
t ion of E q u a t i o n 4 . F i g u r e 4 p r e s e n t s the a c t u a l g r a p h i c a l r e s u l t s of 
the so lu t ion of E q u a t i o n 3 and a c u r v e of E q u a t i o n 5 . S i m i l a r l y , E q u a -
t ion 6 i s shown in F i g u r e 5 with the a c t u a l c u r v e which i s a p p r o x i m a t e d . 
S u p e r p o s i n g E q u a t i o n s 5 and 6 y i e l d s an a p p r o x i m a t e so lu t ion of 
Equation 2 . The r e s u l t i s 
ij. 4. \ ct\ ° r» "0» 755 
(t - t ) = 60 - s — R e x m o k 
<£ - q"'roRe - ° -
3 7 5 | . (7) 
[• 
P r = 1 
In the above e q u a t i o n , the t e m p e r a t u r e d i f fe rence i s given in t e r m s of 
a1 1 , the h e a t f l u x a t the i n n e r w a l l . To accoun t fo r the ef fec ts of h e a t H o 
generat ion in the wal l on the t e m p e r a t u r e d i f f e r e n c e , a s l igh t 
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modification of the equation is n e c e s s a r y . If there exis ts an addi -
tional heat flux at the wall due to heat sources in the wal l , Q " , then 
the outside wall heat flux, q " , becomes 
^w 
q" = q " + Q«« (8) 
^w o 
The value of q " f rom Equation 8 may be substituted into Equation 7 to 
give 
(t - t ) = 60 —.— Re m o k 
Re-°-375JJ ; [Pr = 1 
q» - Q" - f q ' " r o ) f{4) 
Figure 6 shows the r e su l t s of calculations based on Equation 9 for the 
homogeneous r e a c t o r . The constants employed in the computations 
are given in the appendix. 
Combined free and forced convection heat t r ans fe r . - -The r e su l t s of 
forced convection heat t ransfe r calculations indicate the necess i ty for 
consideration of free convection effects. The high t empera tu re dif-
ferences shown in F igure 6 would crea te density var ia t ions in the fluid 
with the consequence of higher velocit ies near the wall . An inc rease 
in the velocity of the fluid near the wall would resu l t in a grea te r 
amount of heat convected downstream and, t he re fo re , lower wall t e m -
p e r a t u r e s than a re predicted when forced convection alone is consid-
e red . 
Although the prediction of turbulent flow has been m a d e , the 
analysis he re i s based on a laminar flow reg ime . The assumption is 
19 
made that values obtained f rom considerat ion of both free and forced 
convection heat t ransfe r will be more accura te than for the case where 
natural convection effects a re neglected. The analytical solution of 
the problem of combined free and forced convection heat t ransfe r with 
volume heat sources in the fluid has only been c a r r i e d out for the case 
of laminar flow. Hal lman ' s (9) r e su l t s for the p rob lem will be utilized 
to make computat ions. Discussion of the effect of applying the resu l t s 
of a laminar flow analysis to a turbulent flow prob lem will be given 
subsequently. 
The model of the r eac to r core descr ibed e a r l i e r is again e m -
ployed with the following additional assumpt ions f rom reference (9): 
(a) The t empera tu re and velocity profi les a r e fully developed 
(b) No turbulence is p resen t 
(c) The flow is axially symmet r ic with the axis of the pipe 
lying para l le l with the body force 
(d) Fluid p roper t i e s a re constant except for density which is 
allowed for by considering the t he rma l coefficient of vol-
ume expansivity 
(e) Heat is t r ans fe r r ed uniformly to or f rom the fluid at the 
pipe wall 
(f) The ra te of heat generation per unit volume is uniform 
everywhere in the fluid. 
The momentum and energy equations in differential fo rm for the sys tem 
a r e 
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ff- + /° =^-§7^^ < 1 0> 
and 
a t _,, i a t a2t , a 2 t , q"» n . 
U -*r = 0( , — -=T— + 0 + 0 ) + ?• (11) 
^ r 3 r 3 r 2 8 x 2 ^° Cp 
where p = pressure 
x = distance measured along axis of pipe upward 
/° = fluid density 
/J ~ v i s c o s i t y 
r = r a d i a l d i s t a n c e f r o m c e n t e r l i n e of p ipe 
u = fluid ve loc i ty p a r a l l e l with p ipe a x i s a t r a d i u s r 
t == t e m p e r a t u r e 
°£ = t h e r m a l diffusivi ty 
q , n = v o l u m e h e a t s o u r c e t e r m 
c = spec i f i c h e a t a t c o n s t a n t p r e s s u r e 
P 
F r o m the so lu t ion of the above e q u a t i o n s , H a l l m a n (9) g ives the m i x e d -
m e a n - t o - w a l l t e m p e r a t u r e d i f f e rence a s 
q m r 2 P 
/* 4. \ o f 64C , 2m . . . _. 
( t m " to ) = —ar" L "F X ' ( ' 
+ {-i- j- - - ^ £ ) (2A 2 n 2 - 2 / 2 m 2 + 8An) 
F * A 
t := mixed mean fluid temperature 
m 
t = inside wall temperature 
o 
r := inside radius of pipe 
o c 
k = thermal conductivity of fluid 
u == mean fluid velocity 
m * 
(3 - thermal coefficient of volume expansivity 
q!l = heat flux at inside wall 
^o 
V == kinematic viscosity of the fluid 
1 
A =  (Gr)4 ; [Pr = l] 
lb ^~ (1 *4r ) + ^ 
(12a) 
(3 r q m F 
Gr = °5 (12b) 
/°y u c 
' m p 
2qo« 
1 " Quir (12c) 
H o 
ber A tiei' A - bei A ber' A 
o o o o . O J . 
m = 2 2 (12d) 
ber A + bei A o o 
ber A ber1 A + bei A bei1 A 
o o o o ,.n . 
n = — : 2 2 (12e) ber A + b e^ A o o 
n x* F 7 nF (12f) 
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Computations for the HRT employing Equation 12 yielded results which 
are presented in graphical form in Figure 7. 
Comparison of forced convection heat transfer with and without volume 
heat sources in the fluids. --In the development of reactor systems, ex-
treme difficulties are encountered in experiments to obtain data for 
actual reactor operating conditions. A possible method for the reduction 
of experimental difficulties may be noted from previous results of this 
study. The investigation of forced convection heat transfer yielded ap-
proximate equations for the case of no heat sources in the fluids and .: 
for the case of heat sources in the fluids. A ratio of the temperature 
difference for both cases is found by dividing Equation 7 by Equation 6. 
The result is 
(t - t ) r q"1 -J-
( t
m . t ° ) = 1 " - ^ T — ^
 8 ; |P r = 1/ (13) 
m ° NO VHS ° 
 [ r  lj 
where the superscript (*) refers to the combined case of heat transfer 
at the wall and heat sources in the fluid. 
By definition, 
2r qn 
N u = kit—rrj <14» 
m ° NO VHS 
where Nu is the Nusselt modulus. 
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Also 
* 2 r q u 
m o 
F r o m these re la t ions it is obvious that 
(t - t ) r qott - 4~ 
N u - m ° - 1 Q R f l
 8 M A \ 
N u m ° N O V H S 
P r = 1 
Heat t ransfer exper iments involving no volume heat sources 
would permi t the determinat ion of Nu. F o r the same sys tem and the 
same heat flux at the wal l , the value of Nu could be obtained f rom 
Equation 16. This> analys is i s , of c o u r s e , for a special case and alone 
of lit t le value in re la t ion to the problem encountered in a complete r e -
actor sys tem. However , s imi lar analyses for other cases should p r o -
vide sufficient information to considerably reduce the difficulties of 
obtaining exper imenta l data for homogeneous r e a c t o r s . 
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CHAPTER V 
DISCUSSION OF RESULTS 
The assumption of a P rand t l modulus of unity was a valuable aid 
in the simplification of this study. Some of the approximate equations 
derived ea r l i e r in the repor t i l lus t ra te the value of this assumption for 
analyt ical invest igat ions . In the p resen t study, data were available to 
"i -
justify the assumpt ion made . The predict ion that the assumption may/ 
be made for ce r ta in homogeneous reac to r fuel solution is not sd well 
founded. However , in investigations involving a i r at a tmospher ic con-
di t ions, the same assumption is commohly^made, although the P rand t l 
modulus is known to be 0. 7. F o r fuel solutions used in aqueous homo-
geneous r e a c t o r s , the e r r o r involved in making the assumpt ion , at 
reac tor operat ing condit ions, should compare favorably with that in 
which air is the fluid. 
The considerable prac t ica l importance of a P rand t l modulus 
equal to one may be further emphasized by the following specific exam-
ple . Pa ra l l e l flow past a flat plate at zero incidence is the example 
and is given by Schlichting (18). "With proper assumpt ions , the follow-
ing differential equations resu l t : 
du ' du _ n it A \ 
TT + "57 " ° <1 4 a> 
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d u c> u _ ; _B_u . . . . . 
u _ _ — + v =/ — 7 (14b) 
^ T dy ' 8 y 2 
-. _ 2 
u _ | l + v 3! = ex - ^ 4 (14c) 
ax a y ^ 2 
The velocity field is independent of the temperature field so that the 
two flow equations (Equations 14a, b) can be solved first and the re-
sult employed to evaluate the temperature field. However, if the 
properties of the fluid satisfy the relationship 
)> = Of , i.e. Pr = 1 
then the velocity and temperature distributions are identical. 
The preceding example is only one of many cases in which Prandtl 
modulus equal to one results in simplification of the problem. The as-
sumption of the Prandtl modulus equal to one for aqueous homogeneous 
reactor fuel solutions should prove to be of practical importance. 
The simplified model of the physical system, together with the 
assumption of a Prandtl modulus equal to unity, was employed to ob-
tain results for forced convection heat transfer. The simple model is 
expected to be valid only for the upper hemisphere of the core vessel. 
The effects of the diffuser screens and the divergent section of the 
lower hemisphere are contrary to the postulates made in the analysis 
by Poppendiek and Palmer (6) upon which the results for this case were 
based. The model in the upper hemisphere should comply with these 
postulates except for uniform heat generation in the fluid. Since the 
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major considera t ions in this study were effects at the core wall , the 
heat source t e r m was considered constant at the value predicted at 
the core wall . The r e su l t s of the forced convection heat t ransfe r ana ly-
s is a re obviously not indicative of the actual case in the r eac to r because 
of the high t empera tu re differences pred ic ted . The high t empe ra tu r e 
differences point out the need for considerat ion of free convection ef-
f ec t s . 
The values for wall t e m p e r a t u r e s in the combined free and forced 
convection case may be compared with the r e su l t s for forced convec-
tions-alone. When a high heat t ransfer ra te at the wall o c c u r s , the 
effects of free convection^may be assumed negligible. Under this 
condition, a comparison of the two cases should yield values of the 
same order of magnitude. The resu l t s presented in F i g u r e s 6 and 7 
reveal this to be t r u e . At the ex t reme section considered for the upper 
h e m i s p h e r e , the t empera tu re differences between the wall and the 
mixed-mean value of the fluid for both cases a r e around 35 °C when the 
heat t ransfer ra te i s 20,000 B T U / H R . F T 2 , Since the forced convec-
tion analysis considered the proper flow r e g i m e , it is believed to be 
valid when free convection effects a r e negl igible , especial ly at the 
upper section of the c o r e . With this considera t ion, the above com-
par ison leads to the conclusion that the values obtained for the combined 
free and forced convection case a re at leas t reasonable . 
The desi red resu l t of this investigation was the inside core wall 
t empera tu re as a function of the heat t ransfer ra te at the outer wall . 
F i g u r e s 6 and 7 present this resu l t provided the mean fluid t empera tu re 
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is known. F r o m reference (14), the design values for the HRT fluid 
t empera tu re at ent rance and exit to the r eac to r core a r e given as 
256°C and 300°C, respec t ive ly . In this s tudy, the value of the mean 
fluid t empera tu re at the core equator was taken as 280°C and at the 
upper section of the vesse l as 295 °C. These values were combined 
with previous t empera tu re differences to give the resu l t s shown in 
F igu re 8. In this f igure , only the combined free and forced convec-
tion resu l t s a r e shown. 
A The r e su l t s presented in F igure 8 indicate that core wall tern- , 
pera ' tures will not be excess ive in the upper h e m i s p h e r e . A l so , the 
resu l t s show that if high heat t ransfer r a t e s can be obtained at the 
outside wal l , then inside wall t empera tu re s can be considerably r e -
duced. 
Exper imenta l data a r e not available to confirm the resu l t s of 
this study. A compar ison was made , however , with values computed 
in a s imi lar study of the same problem and repor ted by Haubenreich 
(5). In that work a different wall thickness was considered and c o r -
rect ions for this factor were made for compar i son . The resul t ing 
values were in good agreement (see F igure 8) with those of the p r e s -
ent work. Predic ted wall t empe ra tu r e s f rom reference (5.) were 
slightly lower , but this was expected since heat sources in the fluid 
were neglected in that investigation. 
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CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions. - -The flow reg ime in the core of the homogeneous r eac to r 
is expected to be turbulent at operating conditions of the r e a c t o r . In 
the lower hemisphere of the c o r e , a stable flow pat te rn is questionable 
with the possibi l i ty that t rans ien t hot spots at the core wall may exist 
*** 
in this sec to r . The mode of the heat t ransfe r at the inside core wall 
• d a y ' 
is predic ted to be combined free and forced convection, with free con-
vection effects predominant at low heat t r ans fe r r a t e s . On the bas i s of 
a simplified ana lys i s , t empe ra tu r e s at the inside core wall of the upper 
hemisphere were determined to be approximately the same as the mean 
fluid t e m p e r a t u r e . The wall may be 10°C to 15°C above the t e m p e r a -
ture of the fuel solution, the exact value being dependent on the heat 
t ransfer ra te at the outside wall . Reduction of the inside wall t e m -
pera tu re appears possible provided high heat t ransfe r r a t e s can be 
obtained by modification of the p resen t design. F o r the presen t design, 
coefficients of convection heat t ransfer a re expected to be low at the 
outer wall compared to values inside the core ve s se l . 
Recommendat ions . - -Since no exper imental data a r e available to check 
the resu l t s found in this study, caution should be exerc ised if the r e -
sults a re to be applied. It is strongly recommended that t e s t s be p e r -
formed, not specifically to confirm the resu l t s of this r epo r t , but to 
examine conditions in the lower hemisphere of the co re . In this sector 
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the ra te of co r ros ion may be decreased by a redact ion of the wall t e m -
perature^ Hence, if it i s des i red to i nc rea se the life of the r eac to r 
core v e s s e l , a method for obtaining high heat t r ans fe r r a t e s at the core 
wall should be devised. Several methods a r e poss ib le . F o r example , 
the flow ra te of the ref lector fluid could be i n c r e a s e d , the ref lector 
fluid t empera tu re could be lowered , or the fluid could be made to flow 
in the blanket region in the opposite direct ion of the fuel solution so 
that a counterflow heat exchange occur red . S t ruc tura l changes could 
a lso be made such that a higher heat t ransfe r ra te could be achieved. 





°* = the rma l diffusivity, F T /HR 
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d (ber X ) 
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(bei A ) 
d A o 
= (berQA )
2 , (beiQA )
2 
= the rma l coefficient of volume expansivi ty, l / ° F 
= defined by Equation (12f) 
= specific heat at constant p r e s s u r e , BTU/L.B. °F 
2 
= eddy diffusivity, F T /HR 
= defined by Equation (12c) 
2 = acce lera t ion due to gravi ty , F T / H R 
= modified Besse l function of f i r s t kind of order O 
-1 
J = Besse l function of f i r s t kind of order O 
o 
k = the rmal conductivity, B T U / H R , F T . °F 
A = defined by Equation (12a) 
m = defined by Equation (12d) 
2 
JJ = dynamic viscos i ty , L B / H R . F T 
n = defined by Equation (12c) 
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kinematic v i scos i ty , F T /HR 
2 
heat t ransfer ra te per unit a r e a , B T U / H R . F T 
heat t ransfer ra te per unit a r e a due to heat gen-
era t ion in core wal l , B T U / H R . F T 
3 
heat generat ion r a t e , B T U / H R . F T 
rad ia l distance measu red f rom ver t i ca l center l ine 
in a horizontal plane, F T 
3 
densi ty , LB / F T 
t e m p e r a t u r e , °F 
velocity in x-d i rec t ion , F T / H R 
velocity in y -d i rec t ion , F T / H R 
distance measure, along ver t i ca l center l ine ; 
distance along flat p la te , F T 
distance normal to flat plate , F T 
indicates mean values 
r e f e r s to values at inside wall surface 
r e f e r s to values at outside wall surface 
volume heat source 
no volume heat source 
Nussel t modulus 




























Figure 1. Sketch of the Core Vesse l of the 
Homogeneous Reactor Test (HRT) 
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u. [q» = 0] 
Figure 2. Possible Velocity, Temperature and Heat Source Profiles 
Near Core Wall (Upper Hemisphere) 
0.8 — 
0 . 6 - - o— 
SATURATED LIQUID [REFERENCE (16) 
6000 PSIA [REFERENCE (16)] 




300 350 400 45 0 
TEMPERATURE, t (°F) _ 
500 550 600 
Figure 3. Prandt l Modulus Ve r sus Tempera tu re 
for Liquid HLO 
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P r = 1 [REFERENCE (17)] 
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Figure 5. Nussel t Modulus Versus Reynolds Modulus 
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Figure 6. Tempera tu re Difference Versus Heat Transfer Rate 
in Fo rced Convection 
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Figure 7. Tempera ture Difference Versus Heat Transfer 
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240 
4000 8000 12000 16000 20000 
Heat Flux at Outside Wall, q " (BTU/HR.FT ) 
F igu re 8. Inside Core Wall Tempera tu re Versus Heat Transfer Rate 
at the Outside Core Wall 
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HRT Constants 
Power (a) 5 MW 
BTU 
Heat Generation Rate in the Fluid at Gore Wall (b) . 1. 32(10 ) H R . F T 
RTTT 
Heat Flux at Wall due to Heat Generat ion in the * 
Wall (c) 3790HR.FT^ 
Core Flow Rate (494°F) (a) 400 GPM 
Core Diameter (a) 32 IN. 
Core Wall Thickness (a) 1/4 IN. 
Core Wall Mater ia l (a) Zircaloy -2 
Thermal Conductivity of Zmcaloy -2 (500°F - ' BTU 
700°F) (c) . . 8 . 1 H R . F T - °F 
Core Fluid P r o p e r t i e s (Operating Conditions) 
P r e s s u r e (a) .-• 2000 PSIA 
Tempera tu re (Avg.) (a) 536°F 
BTU 
Therma l Conductivity (a) . 0 . 3 5 H R . F T - ° F 
LB 
Viscosi ty (a) 0 . 2 6 H R . F T 
LB 
Density (a) . 53, OFT 3 
BTU 
Specific Heat (a) . 1 . 2 4 L B . ° F 
(a) Reference (14) 
(b) Reference (15) 
(c) Reference (5) 
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Sample C a l c u l a t i o n s . - - F o r f o r c e d c o n v e c t i o n a t the e q u a t o r of the c o r e 
and an o u t s i d e wa l l h e a t t r a n s f e r r a t e of 8 , 0 0 Q B T U / H R . F T 2 
2r u ( 2 ) ( | | - ) ( 5 3 . 0 ) ( 0 . 1 7 x 3600) 
^ o m l d. 
R e = = — 0 .26 
= 3 .32 x 1 0 5 
t - t = 6 0 T ? - R e ~ ° *
7 5 5 q " - Q , ! ~ q ' " r R e ~ ° ' 3 7 5 (9) 
m o k I -̂w ^ o _J K ' 
0.755 
6 0 ( ^ ^ i | ) ( 3 . 3 2 x l 0 5 ) 
[8, A 1A q - 0 . 3 7 5 (8000 - 3790 - ( 1 . 3 2 x 1 0 ° ) ( j | ) ( 3 . 32 x l O ) 
= - 1 6 8 ° F 
= - 9 3 ° C 
F o r c o m b i n e d f r e e and f o r c e d convec t ion a t the e q u a t o r of the 
2 
c o r e and a n o u t s i d e wa l l h e a t t r a n s f e r r a t e of 8 , 0 0 0 B T U / H R . F T , 
F = 1 -
2 q n 
^o 
q m r 
x O 
q " = q " 
^o 
+ Q " 
(12c) 
(8) 





Gr = L—°-° (12b) P V u c 
I r m p 
( 1 . 5 2 x 1 0 " 3 x 4 . 17 x 1 0 8 ) ( 1 6 / 1 2 ) 4 ( 4 2 1 0 ) ( 0 . 9 9 5 2 ] 
, _ __ . __ ___ 
(53 . 0 ) (4 .9 x 10" 3 ) (0 . 17 x 3600)(L,24) 
2 . 6 8 x 1 0 1 2 
>\ = ( G r ) 4 (12a) 
= ( 2 . 6 8 x 1 0 1 2 ) 4 
= 1280 
b e r A b e i ' A - be i A be r " A 
w _ O O O O / i o j \ 
m = _ _ _ _ — _ (12d) b e r A + be i A o o ' x 
= (0.9239)(0.3828) - ( -0. 3827)(0. 9236) 
(0.9239) 2 + ( -0 .3827) 2 
= 0.7071 
ber A ber 1 A + bei A bei5 A o o o o 
n = \ \ ^ — (12e) 
ber A + bei A 
o o 
(0.9239X0.9236) + ( -0 . 3827)(0. 3828) 
(0.9239)2 + ( -0 .3827) 2 
= 0.7067 
45 
• * [ !-*-*> + & (12f) 
- (1^80) 1280 
TS 0.7067 
(1 -
1 . , (2)(0.7071) 
0.99-52' + (0.7067)(0.9952) 
= - 6 . 8 4 x 10' 
t - t m o 
< 
~~4k~ 
64C , x 2 m . . f 1 64FC, 
z (mn + 1) + ( J- —5-) 
L X A F A A 
8 
( 2 A 2 n 2 - 2 A 2 m 2 + 8An) (12) 
(1.32 x 10 6)(16/12) 2 \ | ( 64 ) ( -6 .84x 105) ( 
( 4 ) ( ° - 3 5 ) I (1280)4 




(64) (0 .9952) ( -6 .84x 10J) 
(1280)4 
f(2)(1280)2(0.7067)2 - (2)(1280)2(0. 7067) 
+ (8)(1280)(0.7067))/ 
= 13 .6°F 
= 7.5°C 
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